Mercury ion (Hg 2+ ) is one of the common pollutants which exists in the natural environment far and wide. The detection of Hg 2+ usually requires large laboratory equipment, which limits their field applications. Here, a miniaturised optical fibre sensor based on quantum dots (QDs) for detection of Hg 2+ is developed. The sensor is based on the principle of fluorescence quenching caused by Hg 2+ and evanescent wave sensing. It is an all-fibre sensor which composed of an optical fibre probe module, an optical module and a signal acquisition module. Through miniaturisation design of optical system and the structure of the sensor, the sensor is reduced to the volume of 120 × 120 × 100 mm. The experimental results show that in the miniaturised sensor both has high sensitivity and fast response speed. Meanwhile, the ion anti-interference experiment shows that the sensor has good selectivity for Hg 2+ detection. In general, the proposed sensor has significant potential in the field of biochemistry, environmental monitoring, and food safety.
Introduction
In recent years, with the increasing awareness of environmental protection, more and more people pay close attention to the detection of toxic heavy metal ions existing in the environment. Mercury ion (Hg 2+ ), as a common pollutant in industrial production, causes great harm to environmental safety and human health [1] . Research shows that even small amounts of mercury can interfere with a variety of body processes [2] . Therefore, the detection of Hg 2+ is very important for both the protection of human health and the minimisation of its exposure in the environment. Currently, there are four commonly used methods including atomic absorption spectrometry, gas chromatography, high performance liquid chromatography, and electrochemical measurement used for Hg 2+ detection [3] . Although the detection limit of these conventional methods is very low, but their detection process is complex and time-consuming. Therefore, they are not suitable for on-site detection. With the development of optical fibre sensing technology, the method of detecting Hg 2+ with fluorescent substances has been discovered [4] . Optical fibre Hg 2+ sensor has the advantages of small size, light weight, anti-electromagnetic interference, and chemical corrosion, and can be used for remote detection [5] . Quantum dots (QDs) is a new type of semiconductor fluorescent nanomaterials developed in recent years. Compared with traditional dyes, QDs own broad excitation spectrum and narrow emission spectrum, and have the advantages of good stability and high fluorescence efficiency [6] . With the outstanding electrical and optical properties, many applications of QDs have been researched. Various types of biosensors for the detection of temperature, pressure, pH, and ionic concentration have been developed and used especially in biological and medical fields [7] . We also find that it is a sensitive material for the Hg 2+ detection. As the surface state of QDs is very sensitive, Hg 2+ interacts with the surface of QDs, which leads to the quenching of QDs. Based on the quenching effect of heavy metal ions on QDs, the application of QDs in the detection of heavy metal ions has attracted much attention. In recent years, the application of QDs for Hg 2+ detection has been reported by many researchers. Such as, Cai and Yang [8] found that the quenched fluorescence intensity of watersoluble L-cysteine-capped-CdS nanoparticles increased linearly with the concentration of Hg 2+ ranging from 16 to 112 nmol/L. The limit of detection for Hg 2+ was 2.4 nmol/l. Xia [9] and Zhu [9] demonstrated CdTe QDs can be applied to the detection of trace Hg 2+ in real samples. Recently, Fan [10] applied CdS QDs coated with hyperbranched cross-linked copolymer to the detection of Hg 2 + . He used a fluorescence spectrometer to measure and the detection limit of this method is 15 nmol/L. A large number of studies have confirmed that QDs can be applied to the detection of Hg 2+ . However, the problem is these methods are only applicable to laboratory tests, not suitable for developing instant instrument. The detection device used in most literatures is spectrometer. Spectrometers are usually expensive and bulky, so there are few reports of miniaturised instruments.
Here, we report a miniaturised optical fibre sensor based on QDs for detection of Hg 2+ . Optical fibre evanescent wave sensing technology and QDs are combined so that make the instrument is favourable for miniaturisation. We also introduced the construction of the whole sensing system and the preparation of optical fibre probe in detail. Meanwhile, the detection limit, linearity, and selectivity of the sensor are also discussed.
Methodology & establishment of sensing platform

Principle of optical fibre evanescent wave sensor
Evanescent wave is a kind of non-radiation near-field wave. As shown in Fig. 1 , when the total reflection flight wave occurs in the fibre core as well as the incident angle is larger that the reflection angle, a weak evanescent field appears at the interface between the fibre core and the cladding. When the cladding is replaced by a solution, the evanescent wave transmitted into the cladding is absorbed by the medium, resulting in the loss of energy when the light wave propagates in the optical fibre core. By using this theory, the cladding of optical fibre is corroded and QDs are modified. when the excitation light is transmitted in the core of optical fibre, the evanescent field generated will excite QDs on the surface of optical fibre to generate fluorescent signals, and the quenching effect will cause the signal strength to change with the concentration of Hg 2+ . Penetration depth is an important parameter in evanescent wave sensing. Generally, the greater the penetration depth, the higher the electromagnetic field energy used to excite the labelled fluorescent dye, and the more fluorescent signals are coupled back to the J. Eng., 2019, Vol. 2019 Iss. 23, pp. 8595-8598 This is an open access article published by the IET under the Creative Commons Attribution-NonCommercial-NoDerivs License (http://creativecommons.org/licenses/by-nc-nd/3.0/) 8595 probe. The expression of the penetration depth of the evanescent wave in the sensing area is:
Optical fibre evanescent wave can minimise the excitation of free dye in solution, so as to improve the accuracy of sample detection. In addition, the step of cleaning the probe can be omitted during detection so that the detection efficiency can be improved.
Preparation of optical fibre probe
In order to prepare the probe for evanescent wave sensing, QDs were immobilised on the surface of optical fibre by covalent bonding. First, the optical fibre needs to be modified in special size. We exposed the fibre and etched it into tapered-columnar composite structure with hydrofluoric acid. Fig. 2 shows the steps of modifying the probe with QDs. As the QDs used in the experiment are modified by carboxyl groups, the surface of optical fibre needs to be hydroxylated and aminated before binding the QDs. During carboxylation, the fibre was placed in piranha lotion for 30 min. The reagent needed for amination is ammonia water, and the reaction system is isopropanol and APTES solution.
The principle of Hg 2+ detection based on QDs probe is shown in Fig. 3 . The probe is based on the principle of fluorescence quenching effect of Hg 2+ on CdSe/ ZnS QDs. This effect includes two functions: on the one hand, electron transfer, that is, excited state fluorescent substance collides with quencher Hg 2+ , which makes electron transfer in the conduction band of QDs prevent the combination of electrons and holes, which is dynamic quenching; On the other hand, the fluorescence is quenched by surface binding, that is, the complex formed by Hg 2+ and QDs under the action of ionic bonds, which is static quenching.
Construction of miniaturised optical fibre sensor
The design scheme of miniaturised optical fibre sensing system based on QD is shown in Fig. 4 . The miniaturised optical fibre sensor described is an all-fibre sensor which composed of an optical fibre probe module, an optical module, and a signal acquisition module. When designing the optical module, we chose the small devices as much as possible. First, we choose a small semiconductor laser with an emission wavelength of 405 nm. The laser has a length of 80 mm, a radius of 24 mm. Despite its small size, it still meets the design requirements. The laser has stable luminescence and the maximum luminous power can reach 20 mw. The light emitted by the laser is transmitted through the optical fibre and reaches the probe surface. Evanescent wave light could be generated around the surface of the fibre probe and excite the CdSe/ZnS QDs modified on the fibre probe to grow fluorescence. Part of the fluorescence signal could be collected by the probe and transmit back through the fibre coupler to the fibre collimator. The fibre collimator is a 12.5 mm diameter standard consists of two main components, a 500 nm long-pass filter and a focusing lens. Since the emission wavelength of the QDs is 621 nm, excitation light is filtered out while signal light is allowed to pass through the filter. The function of the lens is to converge the signal light onto the photodiode. The photodiode is purchased from THORLABS of the United States which has a threaded package. All of the devices described above can be integrated into a collimator lens barrel. Meanwhile, compared with the measurement scheme based on spectrometer, photodiode is more favourable for miniaturisation of the detection instrument. The all-fibre structure based on the optical fibre probe not only has the advantages of high signal stability, strong anti-interference ability and corrosion resistance and capability of online detection, but also provides possibility for miniaturisation of instruments.
After the signal light is converted into a current signal through the photodiode and detected in the signal acquisition module consisting of a STM32 controller and a 24-bit high-precision A/D converter ADS1255 to realise analogue-to-digital conversion and serial port transmission. Fluorescent signal is very weak, so our signal acquisition module has also designed amplifier and filter circuit to eliminate noise interference. ADS1255 is low-powerdissipation, high-resolution, and Δ-Σ analogue-to digital converter, provided by TI, which integrate input multiplexer, input buffer [11] . The maximum sample rate of the data is up to 30 KSPS. In the microcontroller programme, the time cycle is set long enough to ensure the signal acquisition system can complete the multiple analogue voltage conversion and serial port transmission. Finally, we design the interface control software based on LabVIEW, which can receive and display the data sent through the MCU serial port. As shown in Fig. 5 , the program has a function of monitoring signals and storing data.
In order to further realise miniaturisation, we have integrated the sensor. As Fig. 6 shows, a kind of appearance device with optical fibre interface is designed. We have combined 3D printing technology and printed a sensor model of resin material with 3D printer. As ABS resin is adopted in the material, the model is not only light in weight, but also has certain strength and is not easy to be damaged. Therefore, all of the optical devices including lasers and circuit boards used for signal processing will be placed in this 3D printing device. The optical fibre probe in the system is connected by optical fibre interface and can be extended, which not only meets the miniaturisation design, but also can carry out longrange detection.
Results & discussion
The performance of the miniaturised optical fibre sensor is evaluated with solutions of different concentrations, which is adjusted by adding Hg(NO 3 ) 2 to phosphate buffer solution (pH = 7). The probes are completely immersed in different Hg 2+ solutions for measurement. All experiments are tested at room temperature. All data points and error bars are measured in three different fibre optical probes and the average and standard deviations are calculated.
Sensitivity & linearity
Hg 2+ standard solutions with concentrations of 1 μmol/L, 500, 100, 50, 10, 5, and 1 nmol/L were prepared. Then, we put the fibre probe into a series of concentration of Hg 2+ standard solution. Third, we turn on the laser switch to test. In the experiment, we make the phosphate buffer solution as a negative control, so as to determine the sensor detection limit of Hg 2+ .The optical fibre sensing system can obtain voltage signals of fluorescence intensity of the optical fibre probe modified with CdSe/ZnS QDs in Hg 2+ solution with different concentrations and can realise real-time monitoring of the signals. At the time of measurement, the probes are sequentially placed in a solution of low-to-high concentration, and the test is repeated three times using three probes. It can be found that the voltage signal gradually decreases with increasing concentration. We take the results of three experiments and choose the logarithmic coordinates of concentration as the horizontal axis, the fluorescence quenching ratio (F−F 0 )/F 0 as the vertical axis, through the origin software for linear fitting analysis. The results are shown in Fig. 7 . As can be seen from the figure, with the increase of Hg 2+ concentration, the quenching degree of the QDs on the surface of the probe gradually increases. Through fitting calculation, we get the linear equation:
The linear correlation is:
Excellent linear relationship proves the excellent performance of the sensor. Therefore, the optical fibre sensing system can calculate the Hg 2+ concentration through the linear equation of voltage change in this concentration range, so as to achieve the purpose of accurate measurement.
Specificity detection of sensor
In this study, in order to confirm the specificity of the sensing system for Hg 2 + that is not affected by other metal ions in the process of detection. We prepare 1 μmol/l solutions containing Zn 2+ , Mg 2+, Fe 2+ , Ca 2+ , Mn 2+ , Sn2 + , Pb 2+ which are common heavy metal ions in sewage detection. Similarly, we measured using the method described above. We selected three probes to do the detection and calculated the error bar, and the results are shown in Fig. 8 . It can be seen from the figure that the fluorescence quenching ability of Hg 2+ to QDs is far higher than that of other ions. Therefore, the sensing system in this study has a good specificity for the detection of Hg 2 + . This specificity is due to the QDs used to prepare probes have modified specific groups on the surface of Hg 2+ , and similarly, modified other groups can be used for the detection of other heavy metal ions.
Conclusion
A miniaturised optical fibre sensing system for Hg 2+ detection based on CdSe/ZnS QDs is introduced here. The construction of the sensing system and the preparation process of the probe are described in detail. The experimental results show that Hg 2+ has a linear relationship with the quenching rate of the QDs on the optical fibre surface in the range of 1-500 nmol/L. The instrument can not only reach the detection limit of 1 nmol/L, but also has good specificity for Hg 2+ . In the future, the trend of heavy metal detection instruments will develop towards miniaturisation, integration, automation, and intelligence. The optical fibre sensing system based on QDs not only has the advantages of fast response, long-distance detection, and real-time monitoring, but also is beneficial to integration, small volume, light weight which can well meet this trend, and will have a broad application prospect in the field of heavy metal pollution monitoring. 
